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~THE STRUCTURAL FLATURES OF THE
FLANETARY NEBULAE

by

lawrence H, Allér

Introduction

Among celestiel objects the gaseous nebulae presznt what has
apneared to be the simplest snd most easily understood of emission
spectra. accedingly, much attention has been devoted to the inter=-
pretation of these objects, particularly to the class of gaseous
nebulae known as planetary nebulae. Not only have the spectrs been
studied in great detail, but extensive theoretical work has been done
on the detailed mechanisms responsible for th+: excitation of the
nebular emission lines, both the farbidden and the permitted lines.
These theoretical investigations have proven fruitful, not only for

“the interpretation of nebular spectra, but alsoc for the interpreta-
tdon of the aurtral specirum and even the spectrum of the corona.

In making detailed applications of the theory to specific
gzseous nebulae, it immediately became obvious that the observations
“then avallable were uot adequate for the tass at hana. ‘The nneorj
glves the rate of emission of energy per unit volume in specified
spectral lines, e.g., He or A5007 (DIII] in terms of the loecal elsc-
tron tempersture and density and of the sbundance of the atom or ion
in question. The observations give the relative intensities cf the
_nebular lines. snd in some-instinces the brlghtness of one of them,
e.8., A5007, in terms of the flux received per cm</sec at the top of
the sarth's atmosphere. In order to reduce the observations to 2
form in which they can be compared with thsoretical predictions we
must heve some information on the distence of the nebula and on its
structure,
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2.

The distances of diffuse galactic nebulae can be found from the
magnitudes and spectral. classes of their illumineting stars. The
distancesof the planetary nebulae with which we are concerned in this
report are less essy to establish, Statistical methods based on the
association of these objects with the central bulge of the galaxy
and with globulsr clusters must be employed. Although substantial
pregress has been made, we are not yet in possesslion of accurate dis-
tances for the relstively nearby nebulae concerned in our present
study. e have to use "statistical distances" such as those given
by Bermaun. His scale of distances appears to be correct even though
the value published four any particular object may be appreciably in
error.

The spatizl structure of the nebula presents, to some degree,
an even more difficult problem. Some progress may be made if we can
comhine measures of the distribution of brightness over the nebular
image with radial velocity dats such as those obtained by Olin Wilson
Since the nebular shell is expanding, the displacements &nd relative
intensities of the two components of the spiit spectral line combined
with measures of the surface brightness at the point on the nebula
where the velocity is measured, may suffice to permit an estimstion
of the three dimensional structure,

The present program is concerned with the determination of the
surface brightness distribution over the face of the nebula by
measuring the isophotic contours. Since the nebular radiation is
congentrated principslly in a few monochromatic lines and since dif-
ferent lines show different surface intensity distributions, studies
of an ordinary photograpn would be of little help. It is necessary
£0 measure isophotic contours of the varicus monochromatic images of
the nebula. Such images may be obtained with a slitless spectro-
graph or (very nearly% with appropriate filter and plate combinations.

2. Summary of Earlier Work

photic contours of planetary nebulae on plates cbtained with the
quartz slitless spectrograph on tha Crossley Reflector., He con-
structed these contours by the laborious process of making successive
tracings across the monochromatic images and joining tngether on a
two-dimensional map points c¢¢rresponding to the same intensity. Later,
the writer used the same method to get contours for the A46856 He II
image in NGC 7662 and for the A3727 [91f? image in NGC 6720.

The disadvantage of the Berman method is that not only are tle
reductions extremely tedious but that there 1s a tendzncy for the
small irregularities in the contours to be smoothed over and lost.
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Berman had concentrated his attention on a small number of the
brighter planetaries. 1In 1943, the present writer, then at the
University of California, initiasted # program to extend these studies
to a number of additional objects. The plan was to measure the rela-
tive intensities of the brighter nebular lines and also the iso-
photic contours for some of the images of the larger planetaries.

The plates also were obtained with the quartz slitless spsctrograph
on the Crossley Reflector. The first part of the program was carried
out, but the second part was deferred until some machine such as the
_ bslanced beam isophotometer could be emyloyed on the problem, Before
these obg ervations rould be reduc=d, Wilcon securszsd vastly superior
plates with the coude apectvogzaph at the 100-inch telescope,

3, The Mt Wilson and Palomar Observations
of the Plenetnricg

The technique used by Olin Wilso™ to secure slitless spectro=-
grams with the coudé specirograph is the following: He replaces the
slit-head normally used for stellar work by a tube covered with a
silvered, hinged mirror. The ohserver places the image of the plane-
tary on the mirror and centors it as sgeen on a reticle in the guiding
eyeplece, The hinged mirror is rezised during the exposure, Hence,
unlike with ordinery astronomical photography, the observer cannot
guide while the light is i2lling on the plate. Securing good images
by this method calls for considerable skill, but Wilson hes obtained
some excellent observations.

fne further remerk must be msde. At the coudé focus of a large
reflector vhe image slowly rotates with respect to the siit-head
during the course of a long exposure, In order to prevent a blurring
of the nebular imsge it is necessary to employ an opbical device
known as an "image rotator' which keepr the orientation of the nebu~
lar image fived with respast to the k‘*f Auring the rmrse of 2 long

exposure,

In 1949, tracings from Wilson's plstes showed that considerable
information could be obtained on the gtructure of %ﬁe nebular, Isc-
photic contours of the lmages of beI]) , Hﬁ, and eIIf1 were ob-
tained for NGC 7662 by the method of Buccessive tra01nvs. The raduc-
tions were g2 tamG“LODSHmlﬂ& and tedious that it was apparent that
some automatic mechod of reduction would have to be found if any num-
ber of nebulae were to be cbserved.

The coudé siitless technique is limited to relatively smell
nebulae of high surface brightness, It cannot be employed tc study
obiects of low surface brightness nor the faint outer extensions of
lerge nebulae,



Fortunately, large, faint plenetaries as well as the¢ smaller,
brighter ones can be studied effectively on direct photographs ob-
tsined with appropriate plate-filter combinstions. The plate filter
ccmbinations employed by Minkowski to isolate ths various monochro-
metic radiations are as follows:

Table 1.
Emulsion Filter Radiation
type type isolated
103a-E RG 2 Ha + [NI
OR 1
103a~D CG 3486 Visual continuum
near A6000 A
103a-J GG 11 for13}
103a-0 No, 24 + No, 35 P AGYTS)
103a-0 No. 3 + No. 3LA Ha

103a-0 CG 5840 A3TR2T7

The use of filters often does not suffice t¢ sepergte lines that
are close together. In particuler the A6548, 6584 {[NIIj and A6563
Ha are not separeble, end conclusions concerning the distribution of
the hydrogen radistion must be based on other lines of the Balmer
series, On the other hand, it is possible to photograph nebulae in
their continuous rediastion, a feat which would not be possible with
the slitless spectrograrh.

One further remark must be made concerning the direct photo-
graphs. Therc is no distortion of the picture due to differential
internel motions in the nebula. On the other hand, a slitless specs
trogram is distorted if different parts of the nebula have different
velocities. NGC 2352 provides an example in point, This planetary
appears to have a broken double-ring structure with numerous knots
and condensstions, IMinkowski and Wilson compared a direct photograph
and a slitless spectrogram teo find that the knots on one side of the
central star avpesred to be moving towards the observer - on the
other side away from him! Slitless imzges of expanding shells are
distorted by an amount that depends on the rate of expansion,

Table 2 1lists the planetary nebulae observed with the slitless
spectrograph. The first column gives the ion whose image is troced,
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the second the wave length, and the following columns the nebulae
which heve been studied. £ cross is entered in the body of the
table for each line that is trgced on each piate. 'The plates of the
eight-thousand series were obtained by the writer who wos & gues
investigator at the Mt. Wilson Gbservatury in 19%2, ALL of tne
other slitless spectrograms were mad. by Olin C. Vilsen.

Table 3 lists the planetary -sbulae Jbsnrved with the 200-1nch
Hale reflector oy R. Minkowski. Successive columns give the desig-
nation of the object, the right ascension and declination for 1950,
and a reference to the radiation in which the object 1§,6beerved.
Most of the nebulae hsve been observed either in Ha + [NII] o OII
The Ring Nobula, however, was observed also in 4686, Ha, A3 72? DI~
and in the continuum, while NGC 7009 was observed in A4586 He Il, and
A3727 in addition to Ha + [NII] and [oxm

A few cbjects, i.e,, NGC 6210, 7009, 7026, and 7662, have been
observed both with the slitless spectrograph and at the nrimﬂry focus
of the 200~inch. The direct exposures of NGC 6210 were taken for the
outer regions of the nebula, while the direct pho*ogrdpu ef NGO 7026
was 80 superior to the writer's sliiless plate that no compsrison is
possible,

L, Reduction of the Observations

In order to reduce a monochromstic image of a nebule to a geries
of isophotic contours it is negessary to know the relation between
the blackening of the photographic emuision and the intensity of the
light. That is, a phetometric calibration is necessary.

—— ’ s e .
Since the slit-head is removed fur Lhe coude slitless speciro-
grams, the calibretion ordinerily employed for the stellar spectro-
grams cannot be used and recourss must be had to auxiliary celibra-

2 . T ncy .
tien~appereatus. For this purposs, Wilsonm and the writer custémsrily

employed a wedge Sllu calibration spectrograph.
In addition, calibration checks were mode from time to tims with
the coudé step-slit device.

At the 200-inch telescope, Minkowski secured for certein of the
brighter planecteries a series of graded exposures., Keeping the ex-
posure time fixed, he took on each plaste a series with apertures of
200", 1657, 138", and 118", The tracings of successive images of the
same nsbula then m2y be used to establish the necessary celibration
curves,

The isophotic contours may be determined in principle by a num-
ber of methods. One method, which involves television techniques,
has been described by T. L. Page, who, lhowever, never developed it
for actual guantitative work.



T:ble 3

Planstary Nebulac Obscrvod with the 200"

Notes

NGC 40 Do b e w2014t O (2)

NGC 650-651 139 9 +51 20 (3)

NGC 1501 4 2 39 +60 47 33 (3)

NGC 1514 4 €6 8 +30 39 6 (3)

NGC 3242 1C 22 31 -18 23 13 (1) (2)

NGC 3587 11 11 56 +29 35 18 (%)

NGC 6210 16 42 24 +23 53 27 (L) 2)

NGC 6302 17 2 57 -39 916 (2)

NGC 6369 17 26 17 -23 43 18 (2}

MHa 362 (1) 17. 2. 63 -10 4.7 {2}

CD -29°13998 17 44 45 -29 57.9 (2)

NGC 6537 8 215 -19 51.3 {2)

NGC 6720 . 18 51 44 +32 51 51 (2) {3{ {(4)
NGC 7009 21 1 27 -11 33 54 (1} (2) (3)
NGC 7026 21 4 39 +47 38 39 (1) (2)

NGC 7862 P3 23 B0 - +42 18 42 (1) ()

.-{1).Graded exposurcs were obtained to give a photometric
© - calibration.

(2) Ha + @Ilﬁ images was traoed,
{3) beIé] image was traccd. _
(4) M686 HeIl ana 3727 {011 images ware traced.
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The present investigation is based on trecings made with the
balanced-beam isophotometer. This instrument, origineolly devised by
Hiltner and Williams primarily for the reduction of steliar spectra
hes been rebuilt and improved by Edwin Dennison and Albert EPoggess
working under the supervision of Prof, Mohler, The machine contains
two similer optical pathe; in one of which is pleced the photograph to
be gnalyzed and in the other of which is placed the standzrd wedge.
The operator first ascertains the relation between the rhotomotric
calibration of his plate and the standerd wedge., That is, he deter-
mines the wedge settings corresponding to steps of, =say, 0.1 in log I
over the intensity range covered by the plate. In order 4o trace the
contours for a certein log I, the corresponding wedge position is
chosen., The machine will then seek the contour of exactly the same
density in the photograph to be analyzed, As a motor drives the cor-
rizge contzining the photograph 2long, the corresponding isophotic
contour is traced.

The earlier version of the machine employed photographic record-
ing. Leter, a grent was obtained from the Horace H. Rackham Uraduste
Schonl of the University of Michigan to pu-~chase a Brown recorder so
that the operator may see the actuasl contours traced before his eves,

The machine traces not only the contours of regular nebulae and
galaxies, but also such complicated planetaries as NGC 2392 or
NGC 1514 and intricate diffuse nebulae like Messier 8, the Trifid
nevula, and 30 Doradus.

The machine is normally used with megnifications of 50 or 100.
Since the scale of the 200-inch reflector {(without the coma-correctour)
at the primery focus is 11712/mm, this meens that with the larger
magnification 1" corresponds to very nearly 9 mm,

The coudé spectrograph produces a distortion of the image in the
cense that on plates taken with the 9-feot focal length collimator
usually used, the scale along the dispersion is too small with respect
to thet at right sngles thereto in the ratio U./58 to 1.00. Dince ihe
machine may be omployed with different msgnificaetions on the tracing
paper in the two coordinates, it is possible to eliminate this
unequal magnificetion and reproduce the contours without distortion!
This has been done on all the slitless spentrograms.

A detzilcd account of the performance of the isoph
being published by Dennison in a separate communicetion,

I
[a 36

5, Interpretation cf the Results

The isophotic contours give a faoirly complete description of the
reilstive intensity distribution throughout the nebular image. "
order to express the isophotic contours, not in arbitrary intensity
units, but in absoliute Intensity units, e.g., in ergs/cem< /sec/unit
solid angle, it is necessery %o obtain an independent set of observa-
tions ¢f a different type.

S v——— v n



This absolute calibration comprised the goal of two entirely in-
dopendcnt investigations undertakon oy my colleague Dr. William Liller
and by Liller and myself. %With a suitabie photuclectric photometor
and- appropriate filters, Liller comparsd the brightness of the nebula
in the green nebular lines wivh cunparison stars of the same spcstral
¢lags ag the sun. Since the relative brightnesses of thc comparison
star and the sun ars known, the energy radiated by the necbula in the
graen lines can be found., Accuratc measures of the transmission curves
of tho filter, the photometser sensitivity, stc., are all reguired.

In the tochnlque cmploysd by Liller and the writer, an objective
prism in front of the correcting plate of the Curtis Schmidt tclescope
of the University of Michigan providcd short spectra of the stars and
nebulas, Then ths nebular speotra could be traccd diroectly with thse
photoelectric pnotometsr at the tclescope and comparcd with similar
tracings of a compariscen star whose absolute enorgy distribution was
known, The integrated monochromatic surface brightnosses obtained
by the twoc mcthods are in cxccllent agrcement with onc anosthor.

Honce an absolutes calibration of the isophotic contours may be made.

Unfortunately, tvhe relatively small light-gathering power of the
24~1inch gperture of tho Schmidt camcra limited our observational
program to the vaery brightest planetariss with the result that many
of tho objects for which isophotic contours have been drawn have not
besn observed photoelectrically. Ve hope to remedy this situation
by obtaining photoclcctric observations with tclescopes of 1argor
light-gathoring power. Until this has bosn done no attempt will
made to put all the isophotos on an absolute intensity scals,

A brief discussion of tho accuracy cf the isophotic contours
traced by the machine may be given hoeore. Detailed tests werc mads
for NGC 7602, tho brlgnt doable-ring planctary in the constelluticn

of Andromoeda.

Thao L-:nnﬁ ne +ho graocn nehlar linecas nf (bTTT’ HB NARRBH .HGTI
and A3865 [NGIII’ upon slitless specirograms o1 NGT 7662 obtaincad by’
0. €. Wilsoh were reduced by thic writer using the Berman method of
successive traces. Thecsc same images were latoer traoed on ths machinpe
and tho two scts of isophotic¢-contours compared. £xcellent agrosmant
was obtained in the general over-all featurces of tho nebula and in
all of the main detalls. The hand-rsduccd tracings, however, tondsed
to smooth over thc fine structurc in the nebulas so that the machins
was capable of giving much highor accuracy.

A comparison of the groen nsbular-ling image in WGC 7662 as ob-
tained on a plats secured by R. Minkowski with the ima<z of thc same
lins on the previocusly mentioned slitloss specirogram was also mde,
The slitless image is blurrcd by tho internal motiong in the line of
gight within thc nebula. The direct photograph is not so afferted,
Hence a comparison of the two tracings should indicatc the extvent
to which slitless images mzy bc falsified by the blurring.



. SBuperposition of the twe scts of isophotic contours showed that
for NGC 7662 the blurring effscts of the internal motions upon the
cohtours is small. The rcason may be as follows: In tho cen%tral
part of the ncebula wherc the radial vclocitiss arc large, the gradicnt
of surfacc brightness is rclatively small. The contours tcnd to be
morc scnaitive to loceal irregularitics than to vgloeity cffscts,

A moro serious difficuliy wi th tho isophotes lics in the circum-
stancs that many of Minkowski®s plates hed no photometric calibration.
Somec were devceloped under the samg conditions as platss for which a
calibration is available. For these, a mcan calibration curvc appears
toc suffice. For other plates, it is possible only to give tracings
corvespopdlng to selected dansiticrs, which cannct bo expressed pro-
cigely in torms of intensitics.

The nebulac sslectoed for study show a wide variety in surface
brightness and structure. Thoy ineclude fairly smooth, uniform,
raletively regular objects at onc oxtrome and veory irregular objects
at the other. Minkowski and Wilson are Giscussing ths detailcd
charactoeristics of the Torms and intornal motions of the planctariss
on the basis of their obeorvations in a separate publication. Our
own measurss amouat te quantitative doscriptioans of the ncebular
images and detalled publication plans will dspend on thoeir wishes.

Most theooretical work was based on a model pianstary wiaich
consisted of a thin homogcenscus shell surrounding a hot star. This
mathemabically attractive model was thought to bs a good approximation
to at lsast soms planetaries. Unfortunately, the approximation appears
tw be & poor one; even the most rsgular appearing objacts cannot be
reprascntod as uniformly thick, homogencous sholls.

In the northern hcomisphere, onc of the objocts best suited for
obsorvation is NGC 7868. Xarly photographs by J. E. XKceolcr and by
H, D, Curtis ghowad it o consist of a bright inncr ring and a much
fainter cutcy ring. Tho largor=-sgzloe Mt., Vilson and Palomar observa-
tions show that the outer ring has an sxtremely mottled structure;
the inner ring is irregular y shaped and broken. Tho 4686 radiation
is econfined to the inncr ring whigh nas a markﬂdly differont appcarange
than 1t has in the radiation of E) J.. or @cI"’I The homogcnecous
shell model will not work ovon as a zeroth orde?® approx1mab10n, but
80me progrcees may ycet be made by combining the observetions made with
Wilsonts nulti-slit with the isophotic contours.

The Ring Nebtula is a wslil-known objoct which cannoct be reprosented
by & hcmeﬁcuoous shell modsl, or apparsntly even by a model in which
tho density of tho “nuiQtiﬂg matisy dopcnds on only two variables
r and §. Tho 3727 fOTf‘ imago is the largest and brightest on the
u8gua L photographlc cmu131ons. The surface brightness is hlghuut
along thae minor axis and Llowest along the major axis, but thc ring
itsclf shows a very filamsntary sitructurc. This objcet shows the
stratification cffects more strikingly than do any of the others and
has long constitutced o« favorite illustration of the tendency for the



ions of higher oxzceltatinn to be found nearer the contral star. Ths
small #4686 HoIl image tonds to occupy tho hellow of the AZ727 (0II)
ring, but it cannot be roprosented as any kind of a uniform structure.
The obzsrvations of NGC 6720 werc not calibrated so that precise
guantitative vonu.usions concerning this object cannot be drawn.

NGC 1514 shows a disk or ring strueturs with some romarkable
features. %ne disk may be regarded as a surface of uniform brightness
with numexcus holes hsrc and there., NGC 1535, NGC 3242, and NGC 7009
{whrich was discussced in last vear'e roport) show many of the samc
foatures as NGC 7662 and cannoi bo represented by the uniform shell
modol..

Tha complicat<.d Ring Nebula NGC 2392 shows a romarkably intricate
struoture. Thoic appcears tn be a bright but very irregular inner
ring and an cuber ring with numerous knots and filaments. Tho 1soohtic
contours arc extremcly complicated; there being numerous valleys and
mountains, Unliks NGC 7662 whore tho A4686 Holl radiation is rcs-
tricted to the inner ring, thc outer knots and filaments show theo
radiation of HoII as woll as A3727 [0IT]. Here tho stratification
effocts arc almost complotaly maskod by the complications produced
by the inhomogoeneitics. Tho previously mentioned radial velocity
measures indlcatc that-a shell structurs will not oxplain these obsaor-
vations. Ons side of the 'nebula appears to bc approaching ths observer,
tho othor side is receding.

 Most of the planotary nebulae when observed with sufficlent
magnification, show a pronounced filamentary structure. Such a fine-
structure ig scarcely surprising in viow of the fact that the Reynolds
number for thess obJocts must be much larger than a thousand, Vhat is
surprising is tho smoothness shown by a few objects, of which NGC 3587,
the "Owl Nebula n is the best oxample. Visual inspectlon of the best
photographs, as woll as tho- tracings made with the iscphotometir, .
show an extremsly smooth structurs dev01d of any irregularitios larger
then O¥5 in diametor. Either the turbulent structure is much small
than this or somse agency acts to prevent the turbulence. A dctalled
discussion ¢of this objsct is boing published by Minkowski and the
writcr in the Astrophysical Journsl.

Tho turbulcnt structure of gaseous nebulasc is porhaps best in-
vestigated in tho relatively nearby , largs, diffuse ncbulas such as
Megsiocr 8 or Messlier 20.  Here tho scale of the fine structure appoars
to be much larger than in the planctaries. The rcughly symmctrical
structure of many of the planctarlecs indicates that turbulence of the
classical acrodynamical type cannot be the dominating fsaturs, Rather,
there must oceur orderly, or nearly orderly, motions that break down
into whirls and sddleg under certain circumstances. Not enough is at
prescent understood about the dynamics of compressible fiuids to »ornit

etailcd prcdictions to be made.



At the present time, ono of our graduate studonts, Albort
Boggoss ITI, is devocloping methods for the empirical study of turbu-
lenco in diffueec nedbulas. We hope that thesc methods will be applic-.
ables to the planctaries for which we have striven to obtain good
quantitativs data.
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Referances

The c¢lassical investigations cn the planetary nebulae are given
in Publ. Llck Obs. 1s (1918).

A summarizing account of our present knowladgo of the planotary
nebulas is contained in Chapter 5 of thec writer's "Astrophysics,
Nuclear Transfornations, Stellar Interiors, and Nebulae," Ronald
Prsss Company, Now York (1954). At the end of this chaptor a critical
bibliography of planstary nsbulae is given.
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